Two simplifying hypotheses have been proposed for whole-plant respiration. One links 42 respiration to photosynthesis; the other to biomass. Using a first-principles carbon balance model 43 with a prescribed live woody biomass turnover, applied at a forest research site where 44 multidecadal measurements are available for comparison, we show that if turnover is fast the 45 accumulation of respiring biomass is low and respiration depends primarily on photosynthesis; 46 while if turnover is slow the accumulation of respiring biomass is high and respiration depends 47 primarily on biomass. But the first scenario is inconsistent with evidence for substantial 48 carryover of fixed carbon between years, while the second implies far too great an increase in 49 respiration during stand development -leading to depleted carbohydrate reserves and an 50 unrealistically high mortality risk. These two mutually incompatible hypotheses are thus both 51 incorrect. Respiration is not linearly related either to photosynthesis or to biomass, but it is more 52 strongly controlled by recent photosynthates (and reserve availability) than by total biomass. 53
ܻ ൌ ܽ ܺ (West et al. 1999) . According to some studies 77 (e.g. Reich et al. 2006 , R06 hereafter), R (Y) scales isometrically (b ~ 1) with whole-plant carbon 78 (C) or nitrogen (N) contents (X), and this scaling is similar within and among different species, 79 and irrespective of environmental and climatic conditions -which might influence the 80 normalization constant (a), but not the exponent (b). Isometric scaling of R with biomass was 81 assumed in the traditional view of forest dynamics set out e.g. by Kira & Shidei (1967) and 82 Odum (1969) . In the absence of major disturbances, if R increases in parallel with biomass, then 83 P n necessarily declines -because ultimately P cannot increase indefinitely, but rather stabilizes 84 at canopy closure. Mori et al. (2010) implies that R depends on biomass, and is related to P only to the extent that P and biomass vary 88 together. 89 Although many terrestrial vegetation models simulate plant respiration assuming R to be a 90 fixed fraction of P, others more explicitly couple R to biomass and thus only indirectly to P. The 91 most widely used (and observationally supported) mechanistic approach, also adopted here, 92 divides R into growth (R G ) and maintenance (R M ) components (McCree 1970; Thornley 1970) . 93 R G is considered to be a fixed fraction of new tissue growth, independent of temperature, the 94 fraction varying only with the cost of building the compounds constituting the new tissue 95 (Penning de Vries 1972). Temperature, substrate availability and the demand for respiratory 96 products are considered to control R M . Several studies have 97
(2) 134
where g R and m R are the growth and maintenance respiration coefficients (i.e. respiratory CO 2 135 released per unit biomass produced by growth and by the maintenance of the existing biomass: 136 both, per unit time and unit mass; Penning de Vries 1975), and W live is living biomass (Amthor 137 2000) . W live can be broken down further: 138
(3) 139
where W live_woody and W green are the biomass of live woody pools (living cells in stem, 140 branches and coarse roots) and non-woody tissues (leaves and fine roots), respectively. Because 141 plant tissues require N as a component of the enzymes that sustain metabolic processes 142 (including respiration), living biomass is often expressed in nitrogen units, g N ground area -1 143 , while respiration is expressed in carbon units. Then m R is in units of 144 g C g N -1 time -1 (Penning de Vries 1975). Temporal changes in W live_woody can be summarized by 145 first-order biochemical kinetics: 146
where G live_woody is the part of G allocated to live woody, φ converts carbon to nitrogen 148 content (g N g C -1 ), and τ is the live woody turnover rate per unit time (t). A similar expression 149 can be written for W green . The first term on the right-hand side of equation (4) represents the 150 "incoming" flux of new living cells; while second term represents the "outgoing" flux of living 151 cells that die and become metabolically inactive. But while W green may be only a small fraction of 152 total forest biomass, not changing much after canopy closure, W live_woody (as also total W) 153 becomes large during forest development and is potentially a strong driver of R (Reich et al. 154 2008) . However interpreted and wherever applied, this general approach including a turnover 155 rate parameter (τ) is equally valid for any mass-, area-or volume-based analyses (Thornley & 156 Cannell 2000) . 157
Setting τ = 1 year -1 in equation (4) would imply a tight coupling between the previous year's 158 growth and the current year's respiration flux -as suggested by Gifford (2003) -and yields a 159 close approximation to the W98 assumption of a fixed ratio between P n and P, thus cancelling, 160 on an annual scale, any effect of biomass accumulation. The implication of a one-year-lag 161 between carbon fixation and respiration in woody compounds is consistent with the findings of 162 Amthor (2000) , Kagawa et al. (2006a, b) , Gough et al. (2008 Gough et al. ( , 2009 ) and Richardson et al. (2013, 163 2015) of a physiological asynchrony by about one year between P and growth (and thus on 164 growth and maintenance respiration). 165 Alternatively, setting τ = 0.1 year -1 would imply that most new sapwood cells live for many 166 years, and would closely approximate the R06 assumption of proportionality between R and 167 biomass. Thus, the amount of respiring biomass is regulated by the amount of substrate that is 168
produced each year, forming new sapwood, versus the amount that is converted into non-living 169 tissues and no longer involved in metabolism; the balance of these processes being controlled by 170 τ (see proofs-of-concept in Fig. 1a are very slight in this species, and they could therefore be neglected. 249
Results 250
Data-model agreement 251
The standard model configuration satisfactorily reproduced P, R, P n and the ratio P n :P when 252 compared to independent, site-level, carbon balance data (Wu et al. 2013 ) for the period 2006-253 2010 ( Fig. 2 , Table 2 ), corresponding to a stand age of ~ 85-90 yrs. P was in agreement with 254 eddy covariance data, while R was slightly underestimated compared to values in Wu et al. 255 Consequently, the model overestimated the average P n :P ratio by 14% compared to Wu et al. 256 However, Wu et al. argued that the values of R they obtained (by subtracting modelled 257 heterotrophic from measured ecosystem respiration) may have been overestimated, given also 258 the large standard deviation (±143 g C m -2 yr -1 ). The model results are otherwise in good 259 agreement with Wu et al. for woody carbon stocks (both above-and below-ground), annual 260 wood production (the sum of carbon allocated to stems, branches and coarse roots), and annual 261 above-and below-ground litter production (the sum of carbon allocated to leaves and fine roots) 262 (Table 2) . Modelled respiration of the woody compartments, leaf and total (above-and below-263 ground) respiration, and NSC pool and fluxes, are all compatible with values reported by 264 previous investigations, and within the ranges of total, wood and leaf respiration, and P n :P ratios 265 reported for European beech (e.g. Barbaroux 
R is not entirely determined by biomass 324
On the other side of the ledger, model simulations indicate that low τ values (≤ 0.2 yr -1 ) can 325 lead to excessively high respiration burdens, impossibly low P n :P ratios (< 0.2), and ultimately 326 carbon starvation when all NSC is consumed and whole-tree R M or growth can no longer be 327 sustained (Fig. 2) . This model result is quantitatively dependent on the values adopted for C:N 328 ratio and the minimum NSC-pool which increases with tree size, but it is consistent with the idea 329 that P n :P ratios ≤ 0.2 are not physiologically sustainable (Amthor, 2000) . Amthor described, for 330 a large dataset comprising grasses, tree crops and forest trees worldwide, the 0.65 -0.2 bounds 331 as reflecting maximum growth with minimum maintenance expenditure (0.65) and minimum 332 growth with maximum physiologically sustainable maintenance costs (0.2). Such a minimum 333 Slightly higher τ values (from 0.3 to 0.5 yr -1 ) were found to limit woody biomass increase 341 because of high NSC demand, leading to a shift in the allocation of assimilates to refill NSC at 342 the expense of growth, and P n :P values close to 0.2 ( Fig. 2a ). Values of τ > 0.5 did not show 343 such behaviour and allowed structural and non-structural compounds to accumulate in parallel, 344 while P n gradually declined and eventually levelled off. This scenario allows structural biomass 345 accumulation to continue even in older trees, as has been observed (Stephenson et al. 2014) . 346
Scaling relationships 347
We simulated forest dynamics from juvenile up to very large, mature trees while R06's results 348 supporting isometric scaling were based on measurements of seedlings and 6-to 25-year-old 349 trees with, presumably, very little heartwood. Some other studies have suggested that the scaling 350 slope of approximately 1 for whole-plant mass may be valid early in stand development, but that 351 the exponent may eventually become smaller than Overall, asynchrony between (photosynthetic) source and (utilization) sink implies some 413 degree of uncoupling of R, and consequently P n (and growth), from P and biomass. Carbon 414 demand for metabolism and growth can be mediated by tapping the pool of NSC but only to the 415 extent and to the amount that it is accessible and useable by plants. Therefore, if this active role 416 of NSC can be experimentally confirmed, it will imply that plants prioritize carbon allocation to 417 NSC over growth. 418
Implications 419
It has been suggested that the observed decline of P n during stand development cannot be 420 exclusively caused by increasing respiration costs with tree size (Tang et al. 2014 ). The idea, 421 implicit in the growth and maintenance respiration paradigm -that the maintenance of existing 422 biomass (R M ) is a 'tax' that must be paid first and which ultimately controls growth -has also been 423 criticized for lack of empirical support (Gifford 2003) . While this paradigm has some weaknesses 424 (Thornley 2011 ), and has not changed much over the last 50 years despite some theoretical and 425 experimental refinements (e.g. accounting for temperature acclimation: Tjoelker et al. 1999) , it 426 reflects the prevailing assumption embedded in models because, so far, no other general (and 427 similarly promising) mechanistic approach to the modelling of whole-plant respiration has been 428 proposed. 429
Although plant physiologists are well aware that respiration is neither entirely determined by 430 photosynthesis nor entirely determined by biomass, but rather by plants' energy requirements for 431 their functioning and growth, we highlight the persistent large uncertainty surrounding this issue in 432 the forestry and forest ecology literature. Both the literature reviewed here and our model results 433
show that any successful modelling approach for plant respiration must necessarily allow plants to 434 steer a middle course between tight coupling to photosynthesis (inconsistent with a carbon steady-435 state in forest development, and with many observations) and dependence on ever-increasing 436 biomass (risking carbon starvation and death), coupled to the buffering capacity of reserves during 437 carbon imbalances (see Box 1). It seems likely that plants strive to keep an appropriate quantity of 438 living cells that can effectively be sustained by photosynthesis or, when necessary, by drawing on 439 NSC and down regulating allocation to non-photosynthetic, but metabolically active, tissues as to 440 minimize maintenance costs (Makarieva et al. 2008 ). This would suggest active control on carbon 441 use efficiency and on the turnover of the living cells by plants. Yet, despite its importance, NSC use 442 is overlooked in "state-of-the-art" vegetation models. The present study has not been able to 443 provide tight numerical constrains on τ . However, we can unequivocally reject the two, mutually 444 incompatible simplifying hypotheses as both conflict with a large and diverse body of evidence. 445
Other processes, including hydraulic and nutrient limitations, may be in play (Carey et al. 446 2001; Xu et al. 2012 ). Malhi et al. (2015) argued for a link between high whole-plant mortality 447 rates and high forest productivity as ecophysiological strategies that favour rapid growth may also 448 result in fast turnover of trees. However, Spicer & Holbrook (2007) noted that metabolic activity 449 does not decline with cell age; and Mencuccini et al. (2005) noted that effects of age per se 450 (including cellular senescence and apoptosis) are likely not responsible for declining P, but are 451 linked to the functional and structural consequences of increasing plant size. This is an important 452 conclusion because it allows models to avoid accounting explicitly for age. 453
In conclusion, to reduce the large uncertainty surrounding this issue, it will be necessary on 454 the one hand to use models that explicitly account for the turnover of biomass and the reserves 455 usage; and on the other hand, to carry out experimental and field measurements of the dynamics of 456 living cells in wood and the availability of and demand for labile carbon stores. These processes 457 have a direct bearing on the stocks and fluxes that drive the carbon balance of forests. 458
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